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SF.YBF,™ and IF

PERFLUORO CATIONS OF THE NON-METALLIC ELEMENTS
Donald D. Gibler

ABSTRACT

Many -of the fluorides of groups VI to VIII interact with
powerful fluoride ion acceptors to form salts of which XeF'RuF.™,
3 BFy 4+SbF6' are representative exémples. The crystal
structures of these three salts have been determined from three
dimensional X-Ray single crystal scintillation counter data.

Crystals of XeF+RuF6' are monoclinic, space group EZ]/Q
[an alternate setting of EZ]/g'(ggh), with a = 7.991, b = 11.086,
c=7.250 (a1 + .006 A), g = 90.68  .05°, V = 642.2 A3, 7 = 4,

3

and d_ = 3.78 g cm ",

d. Full matrix least-squares refinement using

1044 independent reflections with I > 20(1) yielded a conventional

R factor of .07. The structural unit is an XeF+RuF6' jon pair.
The interhuc]ear separation in the cation Xe-F(1) = 1.872(17) R.
The remaining fluorine afoms form a distorted‘octahedral coordina-
tion about the ruthenium atom, with one, F(2), making a close
approach to the xenon atom, Xe-F(2) = 2.182(15) R. The associated
RufF(Z) bond [1.919(13) K] is somewhaﬁ longer than tﬁe other
ruthenium fluorine bonds (mean distance 1.80 K); The angle
F(1)-Xe-F(2) [177.08(1.23)°] is éssentia]]y linear. The angle
Xe-F(2)-Ru = 137.19(46)°. |

SF3+BF " crystallizes as clear colorless ﬁ]ates in the

4
orthorhombic space group Pnma (Q;g) with a = 9.599(3) Z,_Q

5.755(3) A, c - 8.974(3) A, d_=2.34 g cn™>, z= 4, and ¥

(o] . .
495.8 A”. Full matrix least-squares refinement using 700
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independent reflections having I > 20(I) converged to a weighted

"R factor of .04. The structure cbnsists of discréte SF3+ and BF4'
jons. The SF3+ ion exhibits 93v symmetry Within'expehimenta1

error, the S-F bond distances b;ing two at 1.495(2) K, and one at
1.499(2) R and bond angles 97.62(7)° and (twice) 97.39(12): the
structure provides no evidence for bridge bonding of cation to
“anion. The closest non-bonding S-F contacts are 2.593(3) A

The IF4 SbF6 structure was determined using a twinned crystal.

This crystal exhibited the symmetry of space group P4/n (Csh) with

a=b=5875Ah, c=10.332 A (all + .005A), V = 356.61 A°, z = 2,
and d_ = 4,085 g en™3.  For structure refinement it was necessary
‘ to introduce a disorder. This is consistent: w1th the- observ

that the single crystals of ISbF]O are orthorhomb1c, not tetragona] ﬁ

Crysta]s emp]oyed for data collection were, in all cases, twinned

.abdut.g, The final conventional R factor of .07 was obtained using

- 504 data and involved a twofold disorder of the fluorine atoms in

the general positions of S.G. P4/n. The structure consists of

- discrete IF4+ and SbF6' ions. The IF4 10n, a C2v symmetry species,

has two bonds [I-F(5)] at 1.811(17) A and two [I-F(6)] at 1.792(25) A

The angle F(5)-I-F(5) = 153.26° and the angle F(6)-I-F(6) = 106.04°.

The”SbFG" unit departs slightly from thsymmetry. | |
The thermodynamic stability of th; salts formed by the inter-

action of non-mefal f]uorides with BF3, PFS, AsF5, and SbF5 is

discussed in terms of a modified Born-Haber cycle. The enthalpy

. 4+ -
| for the process [AFX_]]‘[MFy+]] (c) -+ AF + MF v(g) has been

x(g)
evaluated using the cycle and are estimated to be reliable to * 5

kcal/mole.

Al
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Chemical studies have established IF7 t0:be superior to IF5
as a fluoride ion dqnor. The préparation and properties of the
new ;ompounds IF6+MF6' (M= 1Ir, Pt, and Ru) are descfibed;
Exploitation of the good F~ donor properties of IF7 and the
poor F~ -donor properties of IOF5 has yielded anlimproved synthesis

of IOFS,

6

~ The preparation and properties of NOZfWQFSf and N0, *IrF

2
are described.



-4-

I. INTRODUCTION

The majority of the fluorides- of groups VI;VIII form adducts
with per-fluoro Lewis acids such as AsFS, BF3, or SbFS. The
purpose of this thesis is to further elucidate the nature of these
adducts and to investigate their relative stabilities. Four princi-
pal experimental contributions are presented: (1) chemistry'
establishing IF7 as a better fluoride ion donor than IOF5 and-IF5,
“and the structural investigations of (2) XeF+RuF6_, (3) IF4+SbF6',
end (4) SF3+BF4'. The findings from these investigations are
incorporated in a survey of adduct forming behavior of related
f]uorides of krypton,.xenon, chlorine, bromine, iodine, sulfur,
selenium, and tellurium. The experimenta1 evidence presented in
this survey is used as a basis for the formulation of these adducts
as salts of general formula [EFX]+[MFy]’; this permits a modified
_Born—Haber cycle to be used as a basis for'e discussion of the
relative stabi]ify of such salts. In spite of some rether bold
extrapolations the model considered conforms satisfactoriiy to the

present experimental observations.

II. PRINCIPAL EXPERIMENTAL WORK

~A.  The Crystal Structure of XeRuF

Crystal Preparation.- Crystals of the xenon difluoride-

ruthenium pentafluoride complex were prepared by the fusion of
minute quantities of powder in thin walled quartz capillaries. The
powdered compound, prepared by direct fusion of‘XeFé and RuF5 in-a
Kel-F tube at 120C was loaded into the capillaries under nitrogen

atmosphere in a Vacuum Atmospheres Corp. dry box. The capillaries



were distributed a]dng a glass tube placed in a CylindricaT heater
which provided a temperature gradient along the axis of the tube.
Crystals formed most chcesﬁfU]]y in the temperature kange from 100
to 120°. |

Crystal Data.- XeRuF (mol. wt. = 365.36) is monoclinic with

a = 7.991, b=11.086, c = 7.250 (all 1.0063),_3 = 90.68 .+ .05°,

V = 642.2 33, z = 4,'gc = 3,78 g cm'3_and F(000)x 636.30{ Sing]é
crystal precession photographs established the following conditions
limiting possible reflections h k 2, none,'h 0 2 h+ 2= 2n; and

0 KO, K=2n. These indicated the space group.Eﬁl/g_(an alternate
setting of S.G. No. 14 in the Internationa] Tab]es]). The equivalent
positioﬁs for this sétting are: X, y, z; -X, =Y, =23 1/2 + x,

1/2 =y, /2 + z; 1/2 - x, 1/2 + y, 1/2 - z,

Data Collection.- Diffraction data were collected on a Picker -

~automatic four-circle diffractometer with a fine focus Mo anode tube.
The crystal used was an irregularly shaped roughly oval tablet

| ~0.3 x 0.2 x 0.1 mm. There were no well defined faces. The mosaic

spread of the crystal was examined by omega scans of strong reflec-

tions on each of the principal reciprocal lattice axes and found to

be acceptable. Twelve high angle ref]ectionS were centered at a take-

off angle of . 3°, and were used in a 1east-squakesvref1nement of

cell parameters. -Data were collected at a take-off angle of 3°

by the two theta scan technique at a scan rate of 1° per minute.

The scan width wasli 0.85° from 2¢(calc.) for o and oy peaks respec-

tively. The crystal and detector were stationary for the ten second

background counts which were offset 0.5° from the 26 écan limits,

The X-ray beam was monochromatized with a graphite crystal. Automatic
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attenuators were inserted when the peak intéhsity exceeded 10,000
c.p.s. A pulse height analyzer was used to reduce noise.
| Two unique data sets, the -h, k, = 2 and fhe h, k, * 2 were
#o]lected for 26 < 60°. Intensities of two standards were co]]ected
at intervals of every 60 fef]ections. A total of-4136 1ntensities |
were recorded which averaged to yield a data';et of 1887 independent -

reflections. - ' ' .

- Structure Refinement.- The positions of the heavy atoms were

determined from a three dimensional Patterson syhthesis. ‘The peak
intensities did not support unequivocé] assignment of the xenon
or ruthenium atoms to the two sets of positions.' Both possibilities
‘were-subjectéd to least-squares refinement andnalthough the agree-
ment factor was roughly the same for the two cases one showed large
temperafure.factor anomalies. A difference Fourier based‘on the
otherv;ase revealed six peaks, assignable to f]uqrine atoms, in a
near octahedral disposition about the Ru atom,‘with a seventh peak,
attributable to a F atom, approximately 2 K away from the Xe atom.
- Another least-squares refinement including these fluorine atoms
resulted in a conventional R factor of 0.20 whfch impfoved to 0.13
when the heavy atoms were allowed anisotropic temperature factors.
Further full matrix refinements with a]]Iatomsvanisotrbpic gave
R = 0.09, R2 = 0.11.

| Examination of the observed and calculated structure factors
showed that the poorest agreement occurred with the Tow-angle high
intensity reflections. Since absorptionvand extinction corrections
could not be reliably madé, the lower angle data (sin 6/x < 0.20)

was given zero weight in the final least-squares refinements as



were data having I < 20(I). This procedure resulted in R = 0.07,

R2 = 0.08 and a standard deviation for an observation of unit

weight of 1.28. The number of non—zerd weighted data in this
‘refinement was 1044, The positional and therma1}parametefs, reported
in the Ta51e I, are from this refinement..vThe Eo and fc data for
XeFRuF6 are given in Appendix IT.

B. Crystallographic Findings: §A§Fg

Crystal Preparation.- Single crystals of the 1:1 SF4:AsF5

adduct were prepared by sub]imationvof minute quantities of the
material in quartz capillaries. Precession photographs were
obtained for the zero, first, second, and third layers on the
pfincipa]baxes.

Crystal Data.- SAng (mol. wt. 277.89) is orthorhombic with

2= 20.375(3), b = 8.508(3), ¢ = 11.224(3) A, V = 1945 A3, z = 12,

gc = 2;84 g cm"3, and the effective volume per fluorine ‘atom is

18 K3. The diffraction symmetry was found to be mmm C_c_ which

is bonSistent with three space groups Cmcz,, C2cm, and‘gmg@.' Accurate
cell dimensions were obtained by examination of high angle reflec-

tions along each of the principal reciprocal axes.

Partial So]ution of the Structure.- A complete data set was
obtained fo# tWo crystals. No obvious systematic discrepancies
were obsérved between the two sets. A Pattérsqn synthesis provided
a solution for the heavy atom positions in the spéce group ngzi.
Of 1530 accessible reflections in the more comp]éte'data set only
487 were greater than 30, and the backgrounds proved rather large
and irregular. The placement of all fluorines would require greater

than 100 parameters in the least-squares matrix. As a result of



this poor data to parameter ratio the positions of the fluorine
-atoms in the structure could never be adequately defined in spite
of fhe fact that the weighted R could be Towered to 0.07 with

-~ arsenic atoms alone anisotropic. Table II indicates the sulfur
and arsenic positions used in the most successful refinementsf
The sulfur:arsenic coordinatibn is 6:6 and is Simi1arvto that in
NiAs with each sulfur located near the center of a distorted tri-
gonal prism of arsenic atoms. | |

C. The Crystal Structure of'SBF7.

‘Crystal Preparation.- The adduct SF4‘BF3 was prepared by

co-condensation of SF4 (excess) and BF3 in'a Monel can provided with
a teflon-gasketed 1id. - Sulfur tetrafluoride was obtained from
Ozark-Mahoning Co., Tulsa, Okla., and‘BF3 from'Matheson Company,
Inc., East Rutherford, N.J. ‘Both were used Without purifiﬁation;
The colorless solid was transferred to quartz capillaries in a
Vacuum Atmoépheres Corp. Dri-Lab witﬁ a nitrogen atomosphefe.
The capillaries were seé]ed by drawing down in a small flame., -
Crystdls were grown by sublimation, by estab]ishing'small tempera-
ture gradients in the capillaries at . 60°. Most of the crystals
| growh by this technique proved to be twinned when examined under
the poiarizing microscope. Even crystals which appeared'to be
satisfactory under microscopic examination showed poor‘mosaié

: quality when examinéd on the diffractoheter. Omegé scans of
representative diffraction peaks from the crystal finally chosen

~ for data collection revealéd a major peak with two sdte]]ites;

The satellites contributed approximately 10% toWards the total

intensfty for the most unfavorable of several reflections scanned.



The crystal was roughtly rectilinear with dimensions .4 X .2 x .2 mm,

Crystal Data.- SBF7 (mol. wt. 265.56) is orthorhombic with

= 9.599(3), b = 5.755(3), ¢ = 8.974(3) A, V = 495.8 A, z = 4,
gc = 2,34 g cm'3 and'F(OOO) = 336.52. The unit cell volume satis-

fies Zachariason's criterion for}cTose—packed“f]uoride lattices,
since the effect1ve vo]ume per fluorine atom is 17.7 A3 2 Single

crystal photographs conf]rmed the diffraction symmetry found for

3

SF4-BF3 by Calvert et al.” The structure was successfu]]y refined

in the centrosymmetric spacé group Pnma.
‘X-Ray Measurements, SF3BF4 Diffraction data were collected
on a Picker automatic four circle diffractometer equipped with a

fine-focué Mo anode tube. As previously noted, the omega scans of
the crystél were not entirely satisfactory. Accurate ce]]id;'n:en-m
sions were obtained by determining the 26 angle for tbe MoKm] peak
of the reflection of highest angle observable along each of the
princiba1 axes. Intensity data were collected by the 8-28 scan
technique at a scan rate of one degree per mihﬁte. The poor mosaic
quality of the crystal requiréd a scan width of two degrees. Baék-
ground counts were offset from the scan ]imité by 0.5 degrees, and
each count lasted 10 seconds. The radiation'was1monochromatized
with a gkaphite crystal (26 = 11.8°). Automatic attunuators were
inserted when the beam intensity excéeded 10,000 c.p.s. Three
standards were cheCked,eVery one hundred reflections.

A complete set of -h k £ reflections was éb!]ected to a 26 df
65° and a'portion of the h -k - 2set also. A sorted averaged set

=of>980 unique reflections was obtained from 1240 intensity

_measurements. Of these 700 having I 5»20(i) were given non-zero



-10-

| weighting in the least-squares refinement.

Structure Refinement.- A Patterson synthesis revealed the

“position of the sulfur atom but the least-squares. refinement, with
the sulfur atom a]éne, gave R = .50 [R = ZI(FO)-(FC)I/(FO)]. We
were still not certain of the space group at this point and so ran
WiLSON to check statistica]linéqua]ities. These were not con-
Cldsive‘but indicated stroﬁg]y that Pnma (No. 62 in the International
Tab]es)l fhe centric group was correct. A set of E values produced

by this program were subsequently used in MULTAN, a fecent]y
deve]opéd_direct methods‘program. Two sets of phases generated
by thé program 1ooked'promising and a Fourier synthesis was produced
from each, neither of Which'indicated a full Strucfure. Several |
trial structures, indicated by these Fourier syhtheses, wereﬁrefined
by least-squares. ‘The best refinement R = 0.43 was achieved using

-~ the éu]fur (four fold) position indicated by the Patterson synthesis,
| a]ong'wffh an eight-fold set and a four-fold set of fluorine atoms.

A Foufier Syntheses produced with the phase§ generated by this
refinement, revealed that the fburAfold fluorine atom set was

misplaced, but the positions of the other atoms Were clearly
indicated. Subsequent isotropic refinement gave R = 0.10 and
incorpofétion of anisotropit temperature factors,.for all atoms,
reduced R to 0.043. The largest residué] denéity revealed by a |
difference Fourier at this point was 0.96 e/x3, near the}S atom

positibn. The positional and thermal parameters.and the average
root-mean-square displacements from this refinement'are reported

in Table III. The final value of R, = 0.058, and R (including

v 2
zero weighted data) = 0.063. The standard deviation of an
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observation of unit weight was 1.32. The largest shift of any
parameter, divided by.thé estimated standard devfation on the
last cycle, was less than 0.0003.

D.  Experiments with IF, and IF; to Determine Their Relative

Fluoride Ion Donating Abilities. _

Materials.—' IF5 was obtained from Matheson Corp., East
Rutherford, N.J. It was purified by exposure to fluorine at
~ 500 torr.f011owed by trap-to-trap distillation. IF7 was pre--
pared.by fluorination 6f‘IF5 or Hgl, at 250° in Monel vessels
(a1l tempreatures in °C). AsF5 was obtained from 0zark-Mahoning,
Tulsa, Okla. Ruthenium, p]atinym and iridium were obtained from
Englehard Induétries, Menlo Park, Edison, N.J; The metals were
converted to their fluorides by direct fluorination in Monel cans
fitted wittheflon gasketed lids. IF6+ASF6- Was prepared by
condensation of IF, and AsFg in Monel vessels fitted with Teflon
gasketed 1lids.

Attempted Synthesés of IF.:AsF..- An excess of AsF; was

-condensed onto 11.6 g IF5 in a Kel-F trap. The mixture was warmed
and cooled alternately to bring the AsF5 to a liquid state. When
~complete solution 6f the IF5 wés indicated the trap was mafn-
}tained at -35° while the AsF5 was removed under dyﬁamic vacuun.

A clear liquid remained in the trap upon warming to ambient
température. Thé mass of the Tiquid was 11.3 g.and the vapor
pressure was idehtica]lto that of pure IF5. There was no

evidence fof any édduct formation between IF5 and Ast-at tempera-
tures equal to or above -35°. Subseauent removal of the IF5 under

vacuum revealed no solid residue.
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Interaction of IF6+5§F6' With IF..- This experiment was

conducted several times with no indication of any exchange to

produce IF4+AsF6 In a typical run IF6+AsF6" (1.763 g) in a

Pyrex trap was treated with 5 ml. of 1iquid'IF5. Solution was
complete at ambient_temperatﬁre. The trap was transfefred to

the vacuum Tine and slowly evacuated. The white crystalline |
material remaining behind weighed 1.461 g. Both single crystal
and X-ray powder patterns confirmed the materiél to be.pure
IF6+AsF67.} The infrared spectrum of the starting material and the
recovered material were obtained as powders pressed between AgCl
‘plates. They too, were identical, showing the characteristic

absorptions due to IF, ASFG' at 960(s) and 795(m).

Interaction of IF, with MF. (M = Ir, Os or Pt).- These

experiments were condicted in Pyrex traps since the solutions
obtained frequently cracked Ke1-F traps. The pgnfafldorides

of osmium, iridium, and p]atindm were all found to be so]ub]e.
in hot'IFs. Upon complete solution thé traps were evacuated fo
dryness.  Each rémaining'materia] was examfned by X-ray powder
photography and was found to be identica1‘£o the original metal
pentafTudride. L |

‘Interaction of IF5 with NO+PtF6'.- “This investigation was

conducted in a manner identical to the preceding»experiments..
Again the jresidue on removal of IF5 solvent displayed an X-ray

powder pattern identical to the starting solute.

~ Preparation of IF6+PtF6'.- PtI, (1.5 g) was placed in a
prefluorinated 110 m1 monel can fitted with a Teflon gasgeted,

‘water cooled. 1id. Fluorine was admitted slowly to a pressure of



150 pounds and the can was heated‘at 300° 0vefnight. Upon cooling
and removal of excess fluorine the'can was opened in the drybox
(nitrogen'atmosphere).' The 1id he1d avbright'yellow Sub1iMate.
X-ray powder patterns of the material were identical to*thbse of
the materia] pfepared by Lohmann5 by reaction of 02+PtF6' with

IF5 and characterized by him as IF4+PtF6'. A'Rahan spectrum was

obtainedbwhich suggested the proper formulation to be IF6+PtF6'.

RAMAN FREQUENCIES

IFg PLF. IFs" in AsF.™ salt * PtFG"in N0t satt ©
240 ¢ | - | 249
346 " 30 m |
575 o o 572  mw
638 Vs , | - 647 s
705 ms 708 s
726w S &V I

* 3 3 03
Relative intensities: s = strong, w = weak, m = medium, v = very

Preparation of IF6+IrF6__ggg_lf6+BgF6'.- Iridium or ruthenium
powder, molecular jodine and fluorine (in exﬁeSs) were reacted
under conditions similar to those in the above e*periment. In

each case the X-ray powder pattern showed the material to be
isomorphoué with the IF6+PtF6' salt prepared from PtIz'+VF2.

- Preparation of IF7+Bgf6 .- Ruthenium pentafluoride (.357 mmole)

was immersed in IF; liquid at 80° for about 3 hours. The trap

(Kel-F) was-coonled and evacuated to dryness under vacuuma room
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temperature. The increase in weight of the reaction vessel and
‘its contents indicated a RuF5:IF7 combining ratio of 1:1.04.

| X-ray powder patterns were almost the same as those obtaihed from
fhe product of the PtI2 + F2 feaetion. Rqu'IF7'did not melt
sharply and decomposed in' the range 135-140°,

IF RuFe_L7Cnysta11ograph1c Invest1gat1ons - Repeated

—6
attempts to sublime IF6 RuF6 in quartz capillaries only resulted:

in the formation of RuF5 crystals.  However, BrF5 was found to be
a good.so1vent for the compound. By slow removal of.BrF5 from |
- the solution at -20°, single crystals of IF6 RuF6 were obtained.
For the several s1ng]e crystals exam1ned the mosaic spread was,
unfortunate]y, not of suff1c1ent quality to justify a complete
Structure determination. The diffraction symmetry and systematic -
absences were determined from precessibn photographs. This data
obtained on Poloroid film using Mo radietioneis'listed'below.
A pseudo~A'centering of the two heavy atoms is indicated by a
well defined.pattern of strong reflections for thch‘h = 2n and
K+ 1= 2n,

Crystal Data.- IF6+RuF6; crystal]fzes in the.monoclinic

space group P2 /M, an alternate setting of P2,/c (C2h), with
©a=9.81, b=7.61, ¢c=5.80 (all .01 A) B8 =107°50" = &',
V= 432.4.A3, Z = 2, volume per fluorine atom = 17.2 33 and gc'=
3.50 g cm3, '
E The Crystal Structure of ISbF

10° .
Preparation ofVIF5-§§F5.— SbF5 (6.4826 g) was placed in Kel-F

trap. An excess of IFS was added under a nitrogen atmosphere.

Gravimetry indicated the combining ratiovIFS:SbF5 = 1:1.07. This



confirms the preparation of the 1:1 IFS'SbF5 adduct first reported

by woolf7.

Crystal Preparation.- Crysta1s were prepaked by sublimation

of minute quantities of the adduct in quartz capillaries in the
épproximate range of 80-100°, Examination of crysfals under the
microscope revealed a characteristic cruciform marking on the
0 0 1 face and the nature of thé‘disorder revealed by the struc-
ture determination suggests that the crystal used for data col-
lection was twinned along the extinction axis. The crystal
selected for data collection was a rectangular prism with dimen-
sions: 0.09 x 0.08 x 0.15 mm. Examinationvof several crystals
by the precession method showed them to be tetragdnal wifh
systematic absences for h k 0, h + k # 2n. The photographs
(on Polaroid film) suggested Laue symmetry 4/mmm,.but the
final structural refinement was accomplished in the Laue group
4/m. . _

‘Crystal Data.- ISbFy, (mol. wt. 438.63) is tetragonal with

] ) - 3
.005 A, gc = 4,085 gcm ~,

+
1+

b = 5.875 + .005, ¢ = 10.332

v
"

388. The effective volume per
2

V = 356.61 AS, z = 2, and F(000)
fluorine atom is consistent with Zachariason's ériterion for
close packed fluoride lattices, V(F) = 17.8 33. The space group
we refined the structure in is P4/n.

Data Collection.- The crystal was mounted on a General

Electric XRD § diffractometer with the phi axis coincident with
the crystallographic a axis. Data were collected with the crystal
and counter stationary. Standard reflections were observed

periodically and non-statistical variations in their intensities
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were not observed. The variation in intensity of the h 0 O re-
flections as a function of phi was examined and became the basis
for an empirical absorption corr'ection.8 0f 621 intensities

accessible in the range 0 < 26 < 60°, 504 were larger than six

counts above background and were used for the structure refinement.

The largest intensity (13,082 counts) recorded was the 110
reflection. Backgrounds were not used in the estimation of o(I),

so the formula of Appendix I now is:
o(1) = {1 + [.05(1)1%"/2

Structure Refinement.- The Patterson synthesis was solved

.for heavy atom positions which were consistent with both E4/g
and P4/nmm. Subsequent 1easthquares refinement yielded R = 0.14.
The constraint of the heavy atoms to lie on the four fon.axis of
‘the unif cell implied that an IF4 unit was present whfch was
either square pyramidal, square planar, or disordered. A
succession of difference fouriers and least-squares refinements
indicated a disorder of all fTuorine atoms in general positions,
with half F atom occupancy of the eight fold positions. The best
of many efforts inboth possible space groups indicates P4/n to be
the appropriate space group for the crystal studiéd.' The final R
factor for 504 data with the temperature factors for all atoms
isotropic was .077. The final positional and thermal parameters
are given in Table IV.

‘Subsequent investigation of omega scans of'severa] crystals
indicate that the crystal used in the structure refinement here

presented was probably twinned and that the true unit cell is

e
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orthorhombic with a very neériy_equa] to b. The sepafation of -
~reflections from the twins was not sufficient to justify data
collection. The indicated 1aftice constants are a = 8,290, b =
8.339, §_= 10.337 (a1l + .008 R). Attempts are underway to grow
crystals from solution (IF5 or HF) in hopes of avoiding the

twinning consistently present in thdse-grown by sublimation.

- ITI. SURVEY OF DONOR FLUORIDES OF GROUPS VI-VIII.

A. Introduction.

The following review is not meant fO'bé exhaustive, but to
provide a context for the discussion and elaboration of the
significaﬁce of the experimental work just described. It is also
meant to provide a prelude and'justification for the thermodynamic
arguments cbncerning these and similar materials presented in
Section IV. |

A,téb]e of known comp]exesﬂ(Tab]e V) will be presented in
Section VIII. Complexes involving more than one fluoride donation
per acceptor molecule have been-omitted, bofh from the Table and
the review. The compounds are discussed in the order their respec-
tive cations appear in this Table.

B. The Noble Gas Fluorides.

Krypton fo]uoride as a F]uoride Ion Donor. - 'The only well
characterized KrF2 adduct knowh is the 1:2 KrFZ-ZSbF5 complex.
This adduct was first reported by Selig and Peacockg. They re-
ported infra-red absorptions at 813 and 600-700 cm”). Raman

10

spectra obtained by McKee = in these laboratories show a marked

" resemblance to those of XeF+Sb2F]]', the crystal structure of
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N

which has been done by Peacock et al. There. is -no crystal-

lographic data available, although powder diffraction patterns

are similar to those of XeF+szF]]" 10

Xenon Difluoride as a Fluoride Ion Donor.- The chemistry of

xenon difluoride as a fluoride ion donor has béen extensively
investigated by Bartlett and Sladky]z. They present firm gravi-
metric and vibrational spectroscopic data for the existence of 1:1

XeF2-MF5 adducts in which M = As, Ir, Ru, Os, and Pt. The arsenic
pentafluoride adduct decomposes at ambient temperatﬁre to Xe2F3+

13

AsF the crystal structure of which has been'éomp1eted . The

6
existence of a 1:1 XeFZ{SbF5 complex has been inferred from phase

14

studies by Maslov R. Mews had isolated this compound and shown

it to be isomorphous to XeF+RuF6' byvmeans of X-ray powder photo-

122, .2MF; adducts with M = Pt, Ir, or Ru'&nd Sb

12

graphy The XeF2
or Ta]s have also been investigated. Bartlett and Sladky
report Raman data on all of these materials except the XeF2-2TaF5
adduct; Ih all cases a characteristic frequency between 621 and
600 Cm'] may be assigned to a xenon-fluorine streféh. The
Xer-ZSbF5 showed the highest Xe-F strétching frequéncy of 621 cm"].
Interpfeted iﬁ terms of anvisd1ated XeF+ fon, this correlates

quite well with the isoelectronic IF molecule, e.qg.,

 XeFT  Ref. i3 Ref.
bond Tength 1.8 11  1.906 =16
v 621 12 610 17

o
f md./A 3.7 12 3.6 18
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In spite of the large number of 1:1 XeFZ-MFé adducts prepared
no crystal structure had been successfully conc]uded on any of them.
The spectroscop1c 1nvest1gat1ons suggested a h1gh degree of
similarity among the Xe-F bonds in all of these materials and that
in the crysta]]ograph1ca11y characterized XeF' SbZF]] . However,
the frequencies were often split in the 1:1 adducts and were all
somewhat lower than in the SbZF]]' salt. A crystal structure of
the Xer'RuF5 adduct was undertaken to determine the degree of
similarity or difference in the xenon-fluorine bonds'in each type
of species.v Since the powder patterns of all of the platinum-
metal pentafluoride adducts were virtually identical this structure
determination could be considered to apply Satisfactori1y to all.
The ruthenium adduct was preferred because the relatively Tow
atomic number of ruthehium favors a more accurate structure deteru-
ination using X-ray diffraction data. The structure solution has
been descr1bed in the experimental section. A description and
comparison of this structure to those of other Xe(II) specfes
follows. |

The crystal structure of XeF+RuF6': Description of Structure.-

A computer drawn visualization of one formula unit of the structure
‘is shown in Figure 1. The xenon-ruthenium distance in this unit

is 3.819(3). The ruthehium atom is surrounded by six fluorine
atoms in a.near octahedral array. One of these;ftuorine atoms,
designated F2 in the drawings, is at a significant1y 1onger dis-
tance [1.919(13)] from the rutheniumsatom than the other five

(mean distance t.80 K). ‘This fluorine atom (F2) also makes the

closest approach of these six fluorine atoms (bbnded to ruthenium)
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to the xenon atom, with an approach of 2.182(15) K. The atom
designated F1 lies.1.872(17) R from the xenon atom and is
greater than 3 K from its next nearest neighbor. The F1-Xe-F2
angle is essentially linear at 177.08(1.23). The Xe-F2-Ru angle
is 137.19(46).

The structure consists of an array of these formula units
separated by van der Waals' distances. The xendn.atom has as its
closest non-bonded neighbors fluorines bonded to ruthenium and
vice versa. A stereographic view of the packing of 10 formula
units is shown in Fjgufe 2.

The Structure of XeRuF7 and its Re]ationship to Other XeF2

Adducts.- A discussion of the bonding in XeF2 is he]bful in
determining the best formulation of XeRuF7_and other Xef, adducts.
The weight of the evidence favors a single electron bond for each
Xe~-F linkage as opposed fo the more traditional electron pair bond
description:

Pimenté]19 and Rund]e20 have proposed a molecular orbital
scheme using a xenon Sé atomic orbita1 and a 2p atomic orbital from
each fluorine. Combination of these produces three molecular
orbitals: one bonding (+F-, -Xe+, +F-), one non-bonding (+Ff, .
-F+) and one anti-bonding (+F-, +Xe-, +F-). There are four
eléctrons (two from the xenon orbital and one each froh the
fluorine orbitals) to populate these molecular orbitals. Con-
sequently the two lowest m.o.'s (the bondiﬁg and noh-bonding
ones) are filled, and since only the two electrons in the bonding
drbita] cohtribute to bonding, each Xe-F bond is a one electron

bond'with a formal bond order of 0.5 assuming a bonding order of



unity for an electron pair bond. '

The model of Bilham and LinnetZ] proposes that each fluorine
shares one of the xenon atom%‘eiectrons, thus ﬁreafing an octet
of electrons about each atom. The Xe-F linkage is, aé in the
Pimentel and Rundle case,a single electron bond.

Coﬁ]son22 favors a valence bond treatment invblVing a reson-
ance hybrid of the two canonical forms F~(XeF)? and (Fxe)*F~.
This permits the retention of a classical octet for each ion
specigs. Again one bonding electron pair must serve for two XeF
bonds.

If 6ne of the fluorine atoms in XeFZ is replaced by a ligand
(L) more e]ectronégative than fluorine itself the canonical form
(F-Xe) L will have greater weight than the F'(X'e-_l.)+ canonical
form. As L becomes increasingly more electronegative the (F-Xe) L~
form will be expected to predominate almost entirely, and the
Xe-F bénd in this case will be a classical electron pair bdnd with
~a bond order of unity. Pauh’ngz3 has given an empirical equation

relating bonding length to bond order,
r(z) = r(1) - .60 log &

where n is the bond order and r is the bond length. Application
of this equation (assuming n = 1/2 for Xe-F in XeF2) to the
terminal Xe;F bonds of several XeF2 defivatives yields the bond
orders shown in Table VI, which also notes the steady increase in
v(Xe-F) accompanying the decrease in bond length as the substituted
ligand becomes increasingly electronegative. The indicated bond |

. =] ) .
order of .8 for the 1.87 A Xe-F bond justifies a very much greater
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weighting for (FXe)+(RuF6)' than the alternative F'(XeFRuFS)+ or

F'(XeF)+RuF Also, the observed spectroscopic evidence is in

5
good agreément‘with an XeF+RuF6' formulation, and indeed was used
to brediét‘the principal features of the strucfure prior to this
work]z. - On these bases the XeF+RuF6' formulation is preferred.

In ah XeF" cation, one would expect that the six non-bonding’
electrons would tend_tb be distributed about the edge of the base

of a cone, the axis of which is the xenon-fluorine interatomic

“vector (as in a Linnett quartet5description). If such were the

case the polarizing power of the xenon atom would also be

greatest along this axis, that being the direction least shielded

'by electron density. Consequently an anion wou]d find this the

most favorable direction of approach for maximizing interionic

attractive forces and minimizing repulsive forces. This explains

why the linear geometry of XeF2 is undistorted in these materials,

even though the bond distances alter markedly.

Xenon Tetrafluoride as a Fluoride Ion Donor.- XeF4 has been

24,25

reported to form adducts with SbF5 No firm structural evi-

dence is available for the material. AsF5 does not form a stable

complex with XeF4. This fact has proven to be of use in the
separation of mixtures of the binary xenon f]uorideszs.
Yenon Hexafluoride as a Fluoride Ion Donor. - Xenon hexa-

fluoride forms stable XeF5+ salts with AsF527, IrF526, RuF528,

and PtF526. Less well characterized SbF5 and BF3 adducts are also

29,27

in the literature
XeF6 has been shown to be a bettek fluoride donor than Xer

by the preference‘of XeFS+ salt formation from 1:1:1 mixtures of



Xer, XeFes ASFSZG. XeF6 cannot be displaced from its salts by
o an excess of IF7. This indicates that XeF6 is a roughly com-
parable to better_f]uorine'dohor than IF726.

The structures of both XeF5+AsF6' 30 and Xer+PtF6' 28 .re

known. Recent]y,the‘structure of XeF5+RuF6' (isostructurél to

the PtF6 salt) has been completed with better precision than was
obtained for the Pt sa]tB]. In both cases, see Figures 3a and‘b

3b, the geometry of the XeF5+ unit is the same. But jn the case

of the arsenic salt the number of fluoride “bfidges? td the cation

is three while in the platinum and ruthenium salts the number is four.
It may be seen by compariéon with the parameter; for IF5 and TeFS'
(Figure 4) that this cation also exhibits a marked similarity to
its isoelectronic neighbors. This extends evén to the relative
shortening of the axial bonds and the repulsive effect of the
non-bopding valence electron pair rgsu]ting in an Fax-E-Feq angle

of ~ 80°, which is surprisingly constant for all three species.

C. The Chlorine Fluorides.

C1F3 as a Fluoride Ton Donor.- The interaction of CIF,

with the Lewis acids BF3, PFS’ AsF5 and SbF5 was first

32

studied by Pavlath™® in 1954, The findings were not’

published in the open literature until 1965 when conductomeric and
freezing points studies33 were presented which supported the

adducts formulation as C1F2+ salts. Infrared and Raman investiga-

34,35

tions tended to confirm the presence of essentially isolated

. ‘ . . + - + - -
cations and anions in C1F2 AsF6 , C]F2 SbF5 ,»and C1F2 BF4 .
There is some disagreement among authors as to the assignment of

v, for C]Fé*, but whichever set of values is chosen for the
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fundanental frequencies of the cation, they are found to be preseht

in each of the three salts with only minor variations.

e e - (34,35) 4. - (34,35) tope - (34)
CCIF, AsF C1F,'BF,” ' - CIF, bR
806 788 |
V1 or 811 ' . or 798 805 or 809
| 809 798
. 373
CIF," v, 384 or 544 or 537 387
- 396 |
vy 821 or 818 808 or 813 830

Both authors agree that interactions with the anions, i.e., bridging
fluorine bonds, must be weak.

36 the

Subsequent]y, A. J. Edwards and coworkers have reported
crystal structure of C]F2+SbF67, He argues for the exisience of
weak fluorine bridges linking the C1F2+ and SbFG' units. The
strongest evidence on which this is based is the existence of a
very much distorted équare b]anar configuration of fluorines about
the chlorine atom. This indicates, accohding'to1Edwards, a pseudo-
Six coordinétion about the ch]ofine, i.e., six chlorine e1e;trons
plus 4 éTectfons from the brfdging fluorines p]ds 2 electrons from
bondihg fluorines, for a_toté] of six e]eCtron'pairs. However,

. the fact that only one antimony-fluorine bohd of the SbF6 uhit is
significantly longer than the'others argues against this information.
A comparison of the C]Fz'unit in Edwards' structure and the

isoe{ectroniq relatives SF, and C102'>(see Figure 5)vis i1lumina-

ting. The striking similarity of all three spécies strongly



suggest§ that the bonding in each muét be similar. Simple electro-
static repuision of the ligands adequately déscribes‘the increase
in bond angle as the relative amount of electron dénsity in those
Tigands 1n¢reases. This similarity coupled with re]ﬁctance of
chlorine to formvsix-codrdinate species, strongly suggests that

the ClF2 unit in this structure is indeed a well isolated C1F2+'
cation. This ion may be Visua1ized as pseudo tetréhedra], with 2
non-bonding electron pairs and 2 fluorine ligands about the C1 atom.
The close approach of the f]uorihe ligands of the SbFG' anion in

the plane of the fluorines bound to chlorine and approximately
oppoéite them is consistent with a tendency to avoid the two lone
pairs located on the chlorine atom, and simu]taneoUs1y, minimizes
the cation-anion distance'to achieve a better lattice enefgy. |
Therefore,‘all of the significant structurai charééteristics can be
explained adequately in terms of the ionic fdrmu]ation,,c1F2+SbF6',

| which must be considered at least as valid as the polymeric fluorine
bridged structure.

CIFg as a Fluoride Ion Donor.- C1Fg, 1ike several other pseudo

octahedral (5 F ligands and a non-bonding valence-electron pair)
molecules is a notably poor fluoride donor. Two adducts stable at
ambient temperatures have been reported; C]F4+PtF6' and C1F4+SbF6' 37’3§
Structural evidence is lacking on both materia]s; Christe and

coworkers have reported I.R. and Raman spectra for C1F4+SbF6f as

well as the low temperature spectrum of C1F4+AsF6' which is

completely dissociated at ambient temperatures. He interprets these

Ain terms of a C1F4+’cation,showing QZv symmetry, indicating a

valence bond-pseudo-trigonal-bipyramidal cation with a lone pair
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of electrons occupying an equatorial position38. The characterization

4+PtF6' materials rests primarily on a chemical analysis,

and since the indexed powder pattern of the material indicates a

of the CI1F

o
probable effective volume per fluoride ion of only 16.8 A3, I
consider the identification as only tentative at this point.

D. The Bromine Fluorides

§£F3 as a Fluoride Ion Donor.- BrF3 is a poorer fluoride ion

donor than C1F3, for it does not form a stable complex with BF3.

The adduct of BrF3 with SbF5 was first reported in 1949 by Woolf

39

and Emeleus A crystal structure investigation of the material

by Edwards and coworkers was first reported in ]96740. Once again,
as in the C1F2+SbF6' case, Edwards has invoked strong fluorine
bridging to,accouht for the distortions of the SbFG' from a
stricf]y ocfahedra} geometry. The arguments for a simple ionic
model based on valence pair bonding within ions hold here just as
they did in the C]FZ+ case. In fact, Christe énd'Schack report

- vibrational spectra of bdth BrF2+SbF6' and BrF2+AsF6' showing that
the characteristic Ber+ frequencies can be assigned in spite of
complex spectra due to the distorted nonoctahedral anions4].

They state that the spectra of the material is best interpreted

in terms of discrete BrF2+ and SbFG' ions. The BrF2+ cation shows

a bond angle of 95° and a bond length of 1.70(02) A in the SbF

40

salt . The fundamental frequencies observed for the BrF2+ species

in the AsFG" and SbFG' salts agree well. These facts indicate that,
as may be expected, the positively charged bromine atom, shielded
only by its two fluorine ligands and two lone pairs, does exert a

| powerful electrostatic effect on the negative fluorine ligands of
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the anions, thus reducing their symmetry. They do not, however,
require a polymeric bonding model to be adequately dealt with. On
the contrény, the remarkable similarity of the BrF2+ frequencies
indicates that the less polarizable cation possesses a fixed

geometry unique to itself and ihdependent of the counter ion present

in the crystal.

Raman.SpectraQ] BfF2+A§F6' | BrF2+SbF6'
vi(intensity) = 705(10) | 706(10)
v,(intensity) 362(2.0) 360(1.8)
vy(intensity) . 702(sh) | 703(3)

Brfg as a Fluoride Ion Donor.- The only fludride ion acceptor

capable of forming a complex with BrF5 is SbFs.f Christe and Lind42
have recént]y completed a low-precision structure of BrF4+Sb2F]]'.
The BrF4+ ion shows the apprximately §2v symmetry exhibited by its
isoelectronic neighbor SeF443, as shown-in Figure 6. This geometry
is that predicted by electron pair repulsion theory for a five
electron pair molecule-cation. The ability of C]F5 to férm C1F4+
PtFGf suggests that it may be a slightly better fluoride donor |

than BrF5.~ BrFs is certainly a poorer donor thah,BrF3.

E. The Iodine Fluorides
"fPriOr work on the Fluoride Donor Behavior of IFs'and IF7.- The

only known compound of IF5 in which it behaves as a fluoride donor

is the 1:1 SbF5:IF5 prepared by Woolf in 19507. A compound

5

characterized as IFS-PtF5 had been reported in 19627, but our
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experimental work refutes the previous chéracterization. The Raman
spectrdm-of IF4+SbF6' has been shown to contain 9 lines attribu-

: table to the IF4 unit which is consistent with a §2v symmétry
vspecies44; |

Seel and Detmer reported compounds of IF7,With powerful
fluoride acceptors (IF7-AsF5, IF7°3SbF5, and}IF7'BF4) in'1958}45
The Raman spectrum of IF6+A5F6' has established. the ionic formula-
tion for that mater1a14. No crystal structure on either materiaT
has been‘published, although Beaton does report a solution for‘

+AsF "~ based on powder data and an assumed space group46. The

6 6

IF7~BF4 adduct is completely dissociated at room temperature at

atmospheric pressure and has a dissociation presSUre of 10 mm at
Oo45

IF

-6
No invéstigation into the relative fluoride donating capability
of these two molecules had been attempted. No single crystal
investigations had been reported. Therefore, the experimental work
prev1ous]y described and next to be discussed was undertaken. |

- Discussion of the Experimental Investigations of the Fluoride

‘Ion Donating Behavior of IF5 and IF7.- The results of the experi-

mental work described in Section IID establishe several facts.
Iodine heptafluoride'is superior to iodine pentafluoride as a
fluoride ion_dbn&r. It forms 1:1 édducts with the pentafluorides
of arsenic, iridium, platinum and ruthenium; whereas, IF5 forms

1:1 adduct only with SbF This is contrary to'the situation of

5-
the other halogen fluorides in which the highest valent compound. is
~always the poorer fluoride donor. However, it is in agreement

‘with the observation that the six electron pair coordination



seems to possess remarkable stability. As previously noted, XeF6
is a better donor than XeF4, and:IOF5 is a very much poorer donor
46

5 ).

than IF7 (it forms no adduct with even SbF The group VI

hexafluorides also fall in this category.

The reportedsﬁF4+PtF6' is in error. The analytical data were
certainly misleading, but it may be that prefluorination of the
IF5 to remove reduced iodine impurity, resulted fn a mfxture of
IFg and IF,, and this was the major reason for the mistake. The
similarity of the vibrational frequencies for IF6+ observed in
the hexaf]uorometa]]ates to those found in IF6+AsF6° suggests
.strongly that the IF6+ ion has octahedral symmetry in all these
materials. -

‘Description of the Structure of IF4+§§F6'.- The structure

consists of alternating IF4 and SbF6 units stacked along the
fourfold axes of the unit cell. Both of these units are disordered
‘by a rotation about the fourfold axis of 25° for the SbF6 unit

and 90° for the IF4 unit. Thus of eight 1/2 occupancy fluoride
atoms lying off the fourfold axis within bonding distance of each
of the heavy atoms, only four are used to form‘a unique unit. The
SbF6 units each contain atoms F(1), F(2) and either four F(3) or
four F(4) with bond distances of 1.801(23), 1.856(18), 1.878(23)
AAand,1.923(22) K, respective]y. The F-Sb-F angles within a unique
unit are all 90° within a single standard deviation. The unique
IF4 unit is formed by taking two‘opposite fluorine atdms from each
of sets F(5) and F(6) to produce an IF4 unit having §2v symmetry,
with bond distances: I to F(5) 1.811(17), and F(6) 1.729(25) A.
107.04°.

The F(5)-1-F(5) angle = 153.27° and the F(6)-1-F(6) angle
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The nearest non-bonded neighboré of ihe iodine atom are four

fluoriﬁe atoms from set F(3) or set F(4) wh ch abpkoach off the
symmetfy‘axis at distances of 2.709(22) and 2,674(21) Z, reépec-
tively. A1 fluorine-fluorine contacts between units are 2.6 R
or larger. Interatomic distances and angles are shown in Table
VIII. | | . |

Discussion of the IF4+§9F6 Structure.- The validity of the

jonic formulation for IF4+SbF6' is firmly estab]ishéd‘by the.
structure;,_The range of bqnd lengths in the SbF6' unit (1.86 =
.06 R) ire close to those foung7in lithium hexafluoroantimonate
(1.877 + .006 R). The IF4+ geometry is that expected according
to é simple valence bond model for a species bearing 10 electrons
on the central atom. The closest anion-fluorine contacts made
to the 1od1he lie off the symmetry axis of the ion. This combined'
with the pbserved geometry: of . the cation itself strongly suggests
the présénce of a sterically active lonepair of electrons belong-
ing to the iodine atom and lying along that axis.

~ The sequence‘of isoelectronic structures SbF4', TeF4,_and
"IF4+ are illustrated in Figure 7. A steady shrinkage of bond
lengths:as the residual positive charge on the central atom
increases is evident. More striking perhaps, is the near equiva-
lence of the axial and'quatqrial bonds in the IF4+ unit., This
may. be a consequence of the ﬁosifivé]yvcharged jodine pulling its_'
| 1bne‘pair of electrons closer to the bonding pairs. This would
force the axial fluorines down, forcing'in turn the equatorial

fluorines apart, resulting in both a 1argeh equatorial bond Tength

and angle, as is the case. However, this near equivalence of
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axial and equatorial bonds may be an artifact of the disordered
structure. A comparison of IF5 and IF4+ further illustrates the

bond shortening which accompanies fluoride ion donation.

. 50 ' +
IF5 in IFS-XeF2 : | IF4
I-Fax 1.817(1) _ I'—F-eq '1,792(25
I-Feq 1.873(5) I-Fax 1.811(17)

Note that if the iodine atom is considered to have only five
electrons available for bonding, the I-Fax in IF5 can be repre-
' ;énted as I:F whereas IFeq would be I‘F. 1In IF4+, I'Féq = I:F
and I-Fax = I+F in this representation. The difference between
the lengths of the postulated one and two electron bonds in this
case is not nearly so large as we have seen for Xe-F one and two
electron bondsin XeF2 and XeF'. This may be a consequence.of the

difference in the oxidation states of the xenon and iodine atoms.

F. The Fluorides of the Sulfur Subgroup.

fThe Hexafluorides.- ﬁo adducts of any of the hexafluorides of

the sulfur subgroup with fluoride ion accéptors has been reported.
This is certainly not too surprising in the case of sulfur haxa-
f]uoride:since the enthalpy chahge for(thé reaction48 SF6 -SF5+ +

1

F~ is 272 Kcal mole”'. The corresponding values for SeF6 and

, TeF6 are not known, but in view of the much readier hydrolysis and

Tower thermal stabﬂity49

of TeF¢ vis a vis SF, it would seem a
much more likely candidate for F~ donation, and the nonexistence
of compounds such as TeF5+SbF6' may be due more to a lack of pre-

parative effort than to an inherent instability.
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The Tetrafluorides.- Bartlett reported the existence of several
51 52

“adducts of SF4, SeF, and TeF, in 1956 A more detailed paper

in 1961 described the following adducts: SF4~BF3, SF4-AsF5,

SF 4+ SbFg, SeF4'AsF5, SeF,Sbf, Sef,-BF4 and TeF4'$bF5. It.was
shown further that selenium tetrafluoride would displace sulfur

~ tetrafluoride from the SF4 adducts. The relative donating ease
of TeF4 was not estab11shed but, if a smooth trend down the
per1od exists, the f]uor1de donat1ng capab111t1es lie in the
sequence TeF4 > SeF4 > SF4. This would be analogous to the
sequence observed for the halogen tri- ahd pentafluorides in which
the higher atomic number member of each series is also the most
readyvfluoride donor (see Section Iv). 'SF4-IrF5 and_SF4'OsF5

53

adducts have also been characterized™ as well as a low temperature

SF4'PF5 adduct reported on the basis of vibrational spectroscopic

data aIOne54. Selenium tetrafluoride has been shown to form adducts

52 52 55
5 5 °

Infrared and conductivity investigations by Seel and Detmer

with OsF5 , IrF , and NbF

supported:ah jonic formulation (SF3+BF4') for the SF,-BFy compound.

Gillespie and his coworkers, in an extensive vibrational spectro-

54

scopic study™ of SF4 adducts with SbF5, AsFS, PF5 and BF3,con-

cluded that these materia]s were ionic in a gross sense, but there

was good evidence for relatively strong’fluorine bﬁidging between

56

| cations and anions. Another study by Evans and Long™" reports,

“the spectra of the molten complexes SF4-SbF5, SeF4-SbF5 and
SeF4'AsF5 can be interpreted in terms of the ionic formulations

SeF3+SbF6', SeF3+SbF6' and SeF3+AsF6'". They could reach no



decision on the correcf formg]ation for the TeF4-~SbF5 adduct from
their spectra.

| Other comments on the probable correct formulation of these
materials mounted. Cotton and George reviewed thepretical con-
siderations favoring ionic formulations. Muétterties and his
coworkerssg, while admitting the validity of an ionic formulation
also allowed, on the basis of solution - nmr studies, that
the SF

4
Single crystal x-ray structural investigations of SeF4-NbF5

fBF3 adduct could be a fluorine bridged dimer or polymer.

and SeF,*2NbF, have now been reported by Edwards and his coworkers.

59 that the structures can best be described as derived

They state
largely from the ionic formulations [SeF3]+[Nb2F]i]' and SeF3+NbF6',
with some contribution from fluorine bridging between anions and
cations to.produce a much distorted octahedral coordination of Se
by F atoms. However, once again, in spite'of Ebstulated fluorine
bridgihg the geometry'of the cationic unif SeF3+ is remarkably
similaf to its isoelectronic neighbor AsF3 with the characteristi-

cally shortened bonds in the cation.

+ 59 60
| SeF3 : AsF3
- bonds 1.67, 1.64, 1.66(2) A 1.7063 + .0006 A
“angles  94.0, 93.9, 94.6(1.7)° © 96.1 + .050°

Apart from the limited information provided by powder dif-
fraction patterns on SF4-MF5 compoundss?"m’62 (M =Sb, 0s, Ir,

Ru), the only other crysta]lographic data on the SF4 adducts was

3

the space group information provided by Calvert” and his coworkers -
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from single crystal studies of SF4-BF3. A]thdugh they suggested

that the SF4-BF3 structure might be the anti NH4'IO3 structure they

did not undertake a complete structural analysis. In view of the
lack of definitive structural analysis on the SF4 édducts a single
crystal x-ray diffraction investigation was undertaken on the SF4-

BF, adduct.

3 .
Description of the SF3+§E4' Structure.- The atomic arrange-

ment is shown in Figure 8. The sulfur atoms and the boron atoms
lie in mirror planes. Each sulfur atom has three C]ose‘fluorine
atom neighbors. This SF3 unit is illustrated in Figure 9, which
illustrates that, although thé site symmetry of the sulfur atom
is only §§,
boron atom has four close fluorine atom neighbors. This unit is

the unit as a whole possesses §3v synnktry. The

approximately tetrahedral.

Each sulfur atom is roughly equidiStant from three fluorine
étoms'(designated F3 and F5) of three different BF4 groups‘at
distances of 2.624(2)(twice) and 2.593(3) A. The closest approach
of the‘other fluorine atom in the BF4 group (designated F4)‘to'a
sulfur atom is 3.111(5) R. The boron-fluorine distances in the
BF, unit are equal within'experimental érror. Howevér, the F-B-F
angles which involve the fluorine atom designated F4 are sTightly -
smaller than those Which do not. Signfficant‘interatomic distances
and ahgles are tabulated in Table IX. This structure is not the

63

antitype of that reported - for NH4+IO3' as was thought likely by

Calvert3, et al. . Indeed, the entire arrangement appears to be
simply dictated by the closest packing of §3v symmetry SF3 species

and tetrahedral BF4 species.



a

-35-

Discussion of the SF3+§F4"Structufe.— On chemical grounds we
can formulate the sulfur species as SF3+ and the boron species as
BF4' and, furthermore, we can anticipate that thé su1fuf atom of the
SF3 group wi]]vbe the effective center of positive chérge.

Since fluorine atoms are highly electron attrattihg, they
should be neutral if not slightly negative in net charge, evén in the .
SF3+ ion. On the F atom side of the SF3+ jon it is, therefore, reason-
able to suppose that the positive charge would be more effectively
screened than on thevsquur side. However, the nonbonding valence

electron pair of S(IV) will provide appreciable screening on the three-

fold axis, if, as might be expected, it occupies a spacially directed

- orbital (e.g. an sp3 hybrid). Such steric activity of the 'non-bond-

ing pair' suits the arrangement observed in this structure, since the
F ligands of the BF4' make their close approach to the sulfur atom
well off the ¢3 axis and also avoid the F ligands of the SF3+ to

the maximum extent. The fluorine atom arrangement about each sulfur
atom is, therefore, that of a trigonally distorted octahedron, with

three F atoms bound and 3 (of 3 separate BF4') attracted electro-

“statically.

Although the BF4' departs slightly from the tetrahedral ideal,
the B-F interatomic distances 1.377(3)(twfce), 1.393(5) and 1.397(4)
(mean 1.386(6)) are not significantly different within the set, and
and in excel]ént agreement with the mean values (uncorrected for
librational motion) for NaBF,%4(1.398 0.05 A), Kker,%5(1.386(6)),
and NH,BF,%® (1.382(6)).

However, the polarizing power of the SU1fuf atom is evidenced
by the small angular distortions in the BF4 unit. The positively
charged sulfur atom attracts the‘F3 and F5 atohs:of the BF4 unif
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most causing the F5-B-F5 and F3-B-F5 angles to be greater than
tetrahedral. These distortions from tetrahedral symmetry are of
no.greater degree than those seen in the aforementioned tetra-
fluoroborate salts. |

The SF3 species is very similar to its isoelectronic re]at1ve
_ 67 (see Table X) The most striking feature of this resem-
blance-1s the equality of the apical ang1es F-S-F and F-P-F,
Presumably the higher'nuclear charge of the Su]fur'atom is res-
ponsible for the S-F interatomic distance being 0.07 K shorter
than the P-F'diStance} The maintainance of the_cdnstént shape,
despite bond length change, appears to be the rule for cation and
isbg]ectronic neutré] molecu]é pairs. It is not surpirsing that
the non-bonding valence-electron-pair in the cation should be "
more'contractéd, and hence have greater>répu]sivlenteraction ‘
effect, than in the neutral molecu]e but the preservation of
constant shape 1nd1cates that the bonding electrons are affected
to a ]1ke extent. 7

The full refinement of the crystal structure of [SF3J+[BF4]"
and the partial solution of the structure of [SF3]+[A5F6]' (see
Section IIC) each show the anion occupying a lattice site of
symmetry lower than Id and Qh’ respectively. The anionic vibra-
tional frequencies of-these ;Qo compounds lie close to those found
for the anions in other salts or in solution, but the spectra -
clearly show "site effects", viz. the splitting of degenerate
fundamentals [vz(e ) of AsF "] and the breakdown of gross
' se]ect1on sites so that v3(t]u) of AsF6 is observed in the Raman

spectrum of [SF3]+[AsF6]', as are v1(a]) and vz(e) of,BF4' in the



infrafed spectrum of [SF3]+[BF4]' 54. These effects are small,
and certain]y originate in unit-cell dynamics and in the s]ight
deviation of the ions from structural regularity rather than in
extensive interionic fluorine-bridging interactions, as proposed
by Gi]lespie27; we note that comparable "siie effects" are seen
in the spectra of the alkali metal tetraf]uoroborates]23.

The bond length in the SF3+ épecies is the shortest recorded
SO far‘for'a S-F bond. This, at Teast in part, may be attributed
to appreciable net positive charge of the su]fﬁr atom, and the Tow
Coordination number (hence weaker inter]igand-repulsioﬁs). Although
the bond in SF3+ is even shorter ( ~-0.05.K) than the equatorié]
bond in SF4 (1.545 R) it is dramatically shorter ( - 0.15 K)'thana
the axial bonds inbthe latter (1.646 3)68. These findings are in
harmony with the view that the axial SF4 bonds are effectively
single-electron bonds, and the equatorial bonds,}e1ectron-pair
.bonds69. (Donation of fluoride ion: SF4 > SF3+’F' generates a |
cation in which all bonds are electron pair bonds). Indeed the
bond stretching force constants give further support to these
views. '

The S-F stretching force constant for SF3+ we find to be
5.67 md Z'], which is comparable to the value of 5.2 md R'] for
the S-F equatorial stretching force constant of SF4 and approximately
‘twice the value of 2.8 md R']Fderived for the axial bonds in that
‘molecule70.

The logarithm of the stretching force constants and the
+

bond lengths of several S-F bonds are compared to those of the SF4

cation according to the relationship discovered by Herschbach and
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Laurie71.ﬁn Figure 10. The relatively high strength of the bond-
ihg 1nvthe SF3+ speciés is quite marked.

In summary, the.structure determination has estab]ished the
proper fopmu]ation of SBF7lto.be SF3+BF4'. The SFé+ cation; the
only perfluorosulfur catiop established,possgsses the shortest
su]fqr—f}uorine'bonds yet observed. An jonic formulation
SF5+AsFéf_for the SF4-AsF5 adduct is given further crédence due
to the-simfIarity.of vibrational frequencies attributabTe to the

SF3+ species in that material and in SF3+BF4'.

IV. A THERMODYNAMIC MODEL

The'structura]-and spectral evidence preSented in the preced-
ing sections support the formulation of v1rtua1]y all complexes of
the powerfu] fluoride ion acceptors with the f]uor1des of groups VI
to VIII as ionic materials. A modified Born-Haber cycle is then
a logical theoretical construct for a diﬁcussion of the thermo-

dynamics of such complexes. The cycle considered here will be of

the foT]owingvtype{

AFy(g)
|

* My (q) — [AFX'1]+[ﬁ:y+1]-(c)

TF;+1(9)

The enthalpy of dissociation of the fluoride ion donor into a

singly charged cation and'avfluoride ion is designated by fF;



The energy associated with the formation of a bond between the
fluoride ion acceptor (Lewis acid) and a fluoride ion is indicated
by the Symbol AF’ and may be ca]]éd the f]doride ion affinity of
the Lewisvacid. The lattice energy_is_indicatéd by the standard
symbol, U.

The values of IF'for the materials discussed here lie in the
.range of 200-250 kcal/mole. Experimentally these Va]ues are
obtained from measurement of mass spectroscopic appearance poten-
tials (A.P.) or from photoelectron spectroscopy (P.E.). The
former method is reliable to ~ 5 kcal/mole and the latter fo ~ 2
kca]/mo1e72. If the observed ionization process ddes not leave
the cation in its ground electronic state the minimum energy charge
coincident with cation formation is liable to be overestimated.
The values available (derivable) from the literature for the
enthalpy of the’process AFX -+ AFX_] + F~ for the materials discus-

sed hefe are listed below.

AF, ‘AH(kcal/mole)  Method Ref.
CIF, 215 - AP 73
Brf | 231 e 73
BrFg - 243 | VT 3
IF, - 234 | AP 73
| XeF, B 217 | O PE 74
XeF, 223 PE 74
XeFg 210 PE 74

AH for AFX(g) > AFX-'I(g) + F (g)
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The vé]ues reported herein are given only to the nearest kcal/mole
regardless of the claimed precision of the 1fterathre va1ué.

The fluoride ion affinity is the most difficult number to
obtain_expefimenta]]y. A very indirect evaluation of the heat
of formafion of K+BF4' combined with lattice energy evaluations
and thé_known ionization potential of potassium has led A. G. Sharpe75

to a value of -91 kcal for the enthalpy of the reaction:

F (g) + BF3(g) > BF4 (g)

Sharpe's derivation is a persuasive one and his‘va]ue is probably
correct to within a few kcal/mole. -

Vapor pressure dissociation measurements of several complexes
have been done, leading to values for free energy of dissociationl
(A d1ss) as a function of temperature for the process AF ]MFy+] +

+ MF

X(g) y(g)*
Compound  aHy; kcal/mole™!  AS(gibbs) : 2300 - 4S 3 Ref.
: ' kca]/mo]e'

SF 3 ASFg” 431 5 20 76
- toe - , - ' '
SF 3 BF | +25 -z 2 76
C1F,'BF,” 24 +80 24 77
C]F2+PF6' +16 +68 20 33
C1F4+AsF - +25 482 T 38

6

The data for the SF,*

independently in two different laboratories. The vapor pressure

salts is very reliable, having been obtained

of the last three compdund§ are all in excess of one atomsphere
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at ambient temperatures, (25°).
Kapustinskii's second equation78,

i Zy Z, n 287.2
K retr

a

(-

c

.345

\“+Y‘

)

in which Uy is the lattice energy (kcal/mo]e-l) 2i and'z2 the formal

ionic charge; n the number of ions per formula unit;and r_ and r

]
the ionic radii (A) for the cation and anion], has been
starting point for the evaluation of Tattice enefgies.

compounds here considered consist of rather large ions,

C a
used as a

Since the

an evalua-

tion of the reliability of Kapustinskii's equation as compared to

experimental values for the Cs halides are shown below.

radii sum are those giVen byVWe1]s79

The ijonic

» and the experimental lattice

energiesifrom Born Haber cycle evaluations by'CubiccigttiSO.

| U, U-U
: -1 r +r K 1 N

Salt Uexp(kca1 mole ') a(A) (kcal mole™ ') (kcal mole™')
CsF 72 3.05 167 5
csCl 154 3.50 148 6
CsBr 149 © 3.64 142 7
s 141 3.85 135 6
It was noted that Uy was consiétent]y less than U, For the

alkalai halides with smaller radii sums the agreement is much

better, and it would appear that either the repulsive term in

Kapustinskii's equation is over emphasized, or that van der Waals'

forces are not properly being accounted for, probably the latter.

In any case, since the radii sums dealt with in this discussion
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are usually even larger (vide infra) than those given above, an
arbitrary correctidn of 6% of UK has been added to UK‘for use in
this work. It is notable that a detailed evaluation of the lattice
energy of K+BF4- (cubic modification, K—Bbdistance = 3.63"3) by
AItsChul]erS] yielded the same value for the lattice energy, i.e.,
152 Kcai/mole, as this modified Kapustinskii's equation.

The next problem is to define ionic radii for complex ions
such as we have under consideration. Since the cations are
certainly not spherically symmetrical, any radii must be considered

meke]y avtheoretical construct. However, the volume of one formula
‘uﬁit of a perf1uoro:comp1ex salt may be reliably estimated in most
cases by summing the number of fluorines and multiplying by 18 33.2
The reliability of this method is, of course, dependent on the
heavy atoms bearing enough positive charge to shrink them to an
insignificant volume, i.e., small enough to fit into the interstices
of a cloée packed array of fluorine atoms. The crystallographic

volumes per formula unit are compared to this calculated value for

a number of materials below.

03 03
vexp(A ) »‘tcalc.(A ) .

- Compound (Crystallographic)  (no. of F x 18 A3) Ref.

+ -
CIF,'SbF™ 187 144 36
SFy*ASF™ | 162 162 this work
XeF5+PtF6' - 198 196 28

+ -
BrF, Sb.F 1, 271 270 42
IF4+SbF6' 178 180 this work
IF *AsF .~ | 221 216 46

6 6




The volume of the XeF' salts is not given correctly by this
method. Apparently the xenon atom contributes significantly to
the molecular volume. However, if the volume of the RuF6' anion
is estimated as 6 x 18 R = 108 33, then the vb]ume of the XefF'
cation will be 52 33. Since in reality the anionic fluorides of
~ the above materials might be expected to be somewhat larger than
cationic fluorines this must be considered as an upper limit on
the XeF' cation volume. |

78 is based on a 6:6 packing in a

Kapustinskii's equation
NaCl type lattice array of ions. The effective volume of equal
spheres in such an array is that of a cube with an edge twice that
of the sphere's radius. This suggests using the cube root of the
volume of an ion divided by 2 as a radius for use in Kapustinskii's
equation, with the volume estimated aé the numbek of fluorine
atoms in the complex ion times 18 33. It should be mentioned
that evaluation of the lattice energies have been carried out

3 in the cation and anion

~using a fluorine volume of 15 33 and 21 K
_ respective]y with 1ittle alteration in the resulting lattice
energies. Following the procedure outlined, ionic radii and
volumes for species AFx,in which A is the central atdm of a

cation or anion, may be evaluated.

+

AF AF AF AF AF XeF

2 M3 Ay s Ag
v 3 54 72 90 108 52

r 1.65 1.89 2.08 2.24 2.38 1.87

Summing ionic radii for the most common anidn groupings, MF4
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MF6 . (BF4 . AsF6 ’-PFG , SbF6 , etc.) giyes the radii sums

below.
-+ + + + + _+
AF, APy AFSTAFST AR xeF
MF,” 3.73 3,97 416 4.32 4,46 3.95
MFe™  4.03 4.27 4.46 4.62 4.76 4.25 S

Now the 1att1ce energ1es themse]ves may be eva]uated us1ng the

mod1f1ed form of Kapust1nsk11s second equat1on.'

" + 4+ + + +
ARy AR AR AR AR xeF
MF4'~ 148 138 134 130 125 . 140
M~ 137 130 125 122 119 132

, Nevaré'now in a position to eva]uate'the'unknownvquantities
in soﬁe'of the thermodynamic cycles. Since our most reliable
heats of formation are for the SF3+BF4' and AsFG' salts the first

unknown we will evaluate 1s the heat of d1ssoc1at1on AH(SF4(g)+

SF " (9) +F (g))

rAH(kcal/mole’])

sr4(g)’f BF4(q) > sf3+3%4f(¢)‘ . 2
SFy* BF4 (c) sr3*(g) +BFy (o) '_ S e
By (g)” B3 () * P ) | + oo
*Fa(g) * 2 (g) * F'<g) , + 208

-1 _
Hence H(SF4(g) + SF3 (q) + F~ (g)) 204 Kca] mole = IF(SF4).




Next we determine the fluoride ion affinity of'AsFS[AF(AsFS)].

‘ AB(kcaI/moIe'])

+ - '
F3(g9) * T (g) * SFa(g) -
SFLTASF.", v » SF.Y, 4 AsF.” o + 130

3776 (c) 3 (9) 6 (g) o |

AF(AsFS) = - 105 kcal mo]e']

Next we evaluate AF(PFS) from the heat of disSociation of

CIF, P,

| .Akacal/mole'l)
C]FB(Q) + PFS(g) + CIF PF6 (c) | - 16
U, (c) » CTF Wt W

T () * F i) * SFsg) - s

PFs(g) * F (g) > PF6 (g) o

Ag(PFg) = - 94 keal mole”!

The stabiTity to dissociation: of IF4+SbF6' at ambient temperatures
strongly suggests a AHd'iSS 2 20 kcal mole”™! for this material.
This figure combined with IF(IFS) = 234 kcal mole”! and U = 125

kcal mo]e—1 yields an upper limit on AF(SbFS) of -129 kcal mole'].
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CA(SBFg) 2 -129 keal mole™!

‘Condideration of a similar energy cycle for C1F4+AsF6' yielded

T(CIF).

| AH(kcal mo]e'])

. i . |
CIE, ASF.", \ > CIF,*, | + AsF." + 125
47776 (c) 4 (g) 6 (g)
o + -

Ip(C1Fg) = 205kcal mole™

Compariéon of IF values for the halogen fluoridesvobtained experi-
mentally or from these lattice energy cycles to a cycle based on
the average'bond energy (A.B.E.) and first jonization potential

(I.P.) of the halogen atoms is of interest.

M(keal mole™!)  Ref.

\
ClFg » CIF, + F + 36

ABE 82

all reactants

CIF, » CIF,* +e ( in gas phase. + 300 = IP(C1) 75
FoesF J - 80 =A(F) 75
CIF. + CIF,” + F~ + 256

5 4




Similar cycles for the other halogen fluorides (same ref. for
corresponding portions of the overall reactidn)'a]]ow the follow-

ing comparison.

(bond energy cycle) (from lattice énérgy cyc]ea/exbb)

Compouhd IF(kcal mo]e']) IF(kcaj mo]e"1)
CIFg 256 | 2052
Brg 238 ' 243°
IF, 225 = 234
aFy 20 215>
Brfy 241 231°
1F7 o 216 | | ' 204a_(1ower limit,

vide infra)

The discrepancy between the two sets of figures is 6bv10us}y
greatést‘for the chlorine fluorides. This may be due to either of
twq.factofs. The approximation of first bond breaking to the ABE
isAprobably not accurate. Also, the reorganization energy coin-
cident with hybridization of the atomic orbitals will surely
affect the ionization potential of the centra1>atoms. Neverthe-
less,‘there appears>to be an unusual stabi1izing effect 0perating '

for the formation of the chloro-cations.

The value for I (IF,) = 204 keal mole™] is based on an

assumption of AH > 0 for

*AsF > TR ASFg”

IF7 + XeF5 6 6 + XeF

6
26

which STadky®™ has shown does not proceed at.ndrmal temperatures
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and pressﬁres. The.chénge in entropy must be very small here and
has been assumed to be negligible. _ | |
We now have IF'yalﬁes for XeF* (x = 2,4,6),'C1Fx (x = 3,5),
BrF, (x = 3,5), IF, (x = 5,7), and SF,. These combined with the
lattice energies and AF values for SbFS, AsFS, PFS, and BF3 allow

the calcuTation of AH of forty compounds. These are listed

diss ‘
in TabTe_XI along with-an indication of whether or not the cor-

responding'compoundvhas been isolated. The reversal in the

Tisting bétween AHdiss.= -14 and -17 kcal/mole emphasizes the

region of borderline stability. The marginal stability of BrF2+

AsFG' may indicate some fluorine bridging, but'in,view of the
spectral evidence supporting a distorted AsFG" gfoup one could
also postulate an enhancement of lattice energy due to that

distortion sufficient to place that material in the. range of

1

accessible compounds. Irregardless, if a AH of 15 kcal mole”

diss
is assigned as the minimum value capable of over-riding unfavorable

entropy effects the cycle appears to be reliable to * 4 kcal mo]e'].

83

Woolf ™ has recently derived the AH for BerbeFs' from

diss
- calorimetric data on the heat of solution of SbF¢ in Bif'F3 and

], is in remarkable agreement with that

his va]ué, 44.5 kcal mole”
‘ célculated here. - In view of the rather extensive and intensive
research in this afea it appears unlikely that~ény of the "compounds"
in the unknown 1ist will be isdlated in the future.

An ordering of several of the transition heta] pentéfluorides
relative to their fluoride ion acceptor capabilities can now be
made. The BrF2+ salts of the transition metal pentaf]uorideé

show‘muth greater thermal stability than BrF2+AsF6 . We may,



therefore, safely assume a H

> 20 kcal mole”

1 for these materials,

Substftuting this value in our cycle gives a minimum AF of -114

kcal/mole for MF; (M = Pt, Ru, Nb, Ta). Again, XeF+OsF6' and

XeF'IrF.~ are more stable than XeF+AsF6- which. spontaneously

6

decdmposes to XeZF;AsFG' at ambient’temperaturesz; Since IrF5

and Ost have not been shown to form BrF3 adducts we may place

AF(IrFS,_OsFS) between -114 and -105 kcal mo]e'?. We now have

the following sequence of fluoride ion affinities for the major

acceptors.

F~_Acceptor

SbF5

TaF5
NbF g
PtFg
Rqu
Ir‘F5
OsF5
AsF
PF

5
BF

5

5 :

AFjgga1 mo]e'])

129

14
‘114

114

114

105> A > - 114

F
105
94

9

In conclusion, the enthalpies of dissociatiOn‘dérived from the

cycle used here are highly consistent with ekperimenta] findings

to date for the range of compouhds under discussion The cycle

provides a quantitative basis for the evaluation of the relative
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fruitfdlness of attempts to prepare new compounds. For example,

all of the known hexafluoroarsenate V salts should have stable transi-
tion metal analogues for those metals whose pentafluorides have values
of AF more negative than that of AsFg. A glance at Table V(Section VIII)
shows that this would represent a large number of new compounds,
particularly in the niobium and tantalum cases. .Some obvious gaps
in our knowledge afe demonstrated; e.g., what is the value of AFf
for AuF3 and BiFs? The usefulness to the synthetic chemist of
accurate experimental IF values has been shown,.and hopefully will
prompt further investigations in that line. In summary, the

model presented here correlates the existing data and marks some

directions for future investigation.

V.  MISCELLANEOUS EXPERIMENTS

A. A New Synthesis of IOFS.

N. Bartlett and Levchuck84 have reported the preparation of
'IOF5 by the interaction of fF7 with iodine pentoxide, glass, or
water. Yields were generally unreliable and the oxyfluoride
tended to be contaminated with IF7, SfF4 or other impurities.
The results of their experiments did show, however, that IOF5
may be prepared in the presence of water.

‘ | 45

The existence of IF6+ASF6' has been known since 19587, The

hexafluoroarsenate anion has been shown to have a peculiar
stability to hydrolysis by W. L. Lockhart and his coworkersS>.
Thé combination of these two hydrolytic stébi]ities suggested a
possible synthesis of IOF; by hydrolysis of the IF6+AsF6' salt.
' Materials.- IF7 was prepared by fluorination of HgIz.

AsFg (0zark Mahoning, Tulsa, Okla.) was combined with IF; to
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6+ASF6". NaF was reagent grade material from Baker

Chemicals, Pillipsburg, N.J. A monel vacuum system was employed

yield IF

for transfer of gaseous materials. Reactions were carried out in
monel vessels fitted with teflon gasketed removable lids. U.V.
spectra were obtained in quartz cells. I.R. spectra were obtained
in monel cells fitted with AgCl windows. Me1tihg points were
determined by the inability of the material contained in a quartz
container to support a copper wire and were checked with a
thermdcouple. A Vacuum Atmospheres Corp. Drilab (N2 atmosphere)
was employed for the handling of IF6+ASF6'.
Procedure.- A weighed portion (.02 moles) of IF6+AsF6'
was transferred to a monel vessel ( ~ 200 ml) in the Drilab.
An excess of NaF was added. The can was sealed and evacuated.
It was then fitted with a tube and another valve containing a
measured amount of distilled water. The can was cooled to liquid
nitrogen temperature and the valve to the water supply opened and
closed when the transfer of the water was cdmp1ete (practically
immediately). The water tube and valve were then removed. The
can was re-attached to the vacuum system, cooled in a solid
C02-aCetone slush, and evacuated. Upon warming the gases
, remaining in the can were characterized. The regu]ting product
was nearly pure iOF5 containing traces of S1‘F4 of unknown origin.
Purity was confirmed by infrared and ultraviolet spectra and by
the me]tihg point, 5° *+ 1°, Yields were approximately 40% based
on initial IF7 used in the préparatfon of the IF6+ASF6-’
Discussion.- The utilization of the stabi]ity of the AsFﬁi

ion to hydrolysis in the préparation of IOF from IF6+AsF6' has
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been confirmed. The large number of salts formed by the hexa-
fluoroarsenate species suggests that this may be a rewarding
approach to other syntheses. The method here empToyed was found
‘to be considerably improved by the prior cooling_of the reaction
vessel to -196°, This may be due to the physicaT state of the
water (probably a frozen spray under these conditions), or the
more adequate removal of heat from the reaction site inhibiting
formation of 1ower.dxyf1uorides of jodine. The sodium fluoride

is necessary to complex with HF formed in thé reaction. The solid
products }emaining after the reaction were not characterized.

B. The Interaction of NOZF with IrF6.
‘ 61,86

The observation by Jha and Rao of oxidative fluorination
of ONF to ONF3 by IrF6 suggested the possibility of a similar

reactibn between N02F and IrFG:

F + 2IrFg > 2(N0,)(IrFg)™ + NO(F),(OF)

| 3N02 6

IrF6 did interact with NOZF but the hoped for oxyfluoride was not
produced. Rather a 1:1 interaction with salt formation and

fluorine elimination resulted:
v + -
N02F + Ir‘F6 > (N02) (IrFG) + 1/2 F2

the infrared spectra of the residual gases showed only traces of
the starting materials and were noncondensible in a liquid nitro-
gen cold bath. The tensimetry of the reactions is showh in Table

XII.
The solid product, (N02)+(IrF6)' is a white crystalline powder.

The infrared spectra of the powder pressed between AgCl plates
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shows the characteristic™ absorbtion of NO2 at 2360 cm . The
Raman spectra of the powder showed \ﬁ of NOZf at 1402 cmf] and -

V1> Vp, and v of IrF." at 671,'566, and 253 cm‘]; respective1y.‘
Traces of (NO)+(IrF6)'-were seen in the Raman spectra with the
relative intensity of N0t to N02+ being visually estimated as 3.5
to 55. Debye Scherrer X-ray powder photographs were obtained and |
indexéd on the basis of an orthorhombic lattice (see Table XIII)
with a = 7.20, b = 6.92 and ¢ = 5.55 A, and ¥ = 276.52 A3, This
volume is compatible with two formula uhits per unit ce11 if the
cell volume is assumed to be effective]y filled by the oxygéh and

’ (¢}
f]uorihevatoms and their volume is assumed to be .17.25 A3 each.

The observation of intensities only for reflections having

h + k = 2n indicates a c-centering in the cell. This prompts a
comparison of the associated primitive monoclinic cell to the

pseudo-cubic cell of (NO)+(IrF6)':

(N0,)*(1rF ) (n0)* (1rFg)™ %8
a=b=4.99 A a=>505A
¢ = 5.55 A
a=92.3° |
=138 A y=1202°

y

The molecular volume of (N02)+(IrF6)' lies midway between those of

RbIrF6 (129.8 A3) and CsIrF6 (143.6 23)89’90; Therefore, one can

estimate an ionic radii for N02+ relative to the Pau1ing jonic

‘radii of Cs and Rb as
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3 + 3 3 3
r3(N02+) _ " (rb) i "(cs) _ (1.48) : (1.69)

o

It is interesting to note that a very similar result is obtained
by (a) assigning the Irfc unit a valume of 108 33, which is six
times_the_aVerage effective volume of a fluoride ion - . 18 33;
(b) assigning the residual volume io (N02)+; (c) éssuming a NaCl
type pécking so that the effective ionic radii1are'V1/3/2.

Using the above sequence the kadii of N02+ and'IrF6' would be 1.55
and 2.39_3; respectively. Using the modified.KapUStinskii'equatioﬁ
previously described the resu]tihg lattice energy is calculated as
~ 140 kcal/mole. It is probably safe to assume that a reaction
that prbceeds as rapidly as this one in the gas phase, and”also

has an unfdvorab]e'entropy change, has an enthalpy change of at

least 20 kcal mo]e'1.

is khowngl. The correct value of the first ionization potential

The N-F bond energy (34'kca1/md1e) in FNO2

of N02 is in some uncertainty, being set at 226 kcal/mole by two

92,93

~groups of workers ‘using photoionization techniques and at 202

94. Considera-

kcal/mole by workers using photoelectron specfroscopy
tion of the following cycle therefore places the lower limit of

electron affinity of IrF6 at either -140 or -116 kcal/mole.

1

| -20 +o oo - - |
NOSF (g) * Irfe(q) == N0y IrFg™ () + 1/2 Fypq)

+34 A U= -140

[A11 values in kcal mole™']

v

"02(9)1/2 Farg) _Trfe (9)
226, 202

Yo+
"2 (9)-
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C. The Preparation of N02+EQF5;\

The interaction of N02F with WOF4 was‘inVestigated in an
attembt to identify the_reaction products obtained from the
reaction between NO2 and WF6. The reactjon between N02F and WOF4
is s]ow‘as.gas-so1id reactions often are, but if powdered WOF4
is kept in contact with NO,F (~2 atm.) fn a thordugh1y dried pyrex
container for seVeralvdays, reaction does occur.' Analysis of the
product for tungsten and fluorine gave 51% tungsten and 26%
fluorine. 'N02+WOF5' would require 54% W and 28% F. This formu-
vlation is supported by the Raman spéctra which shows an absorbtion
at 1405 cm’! characteristic of the N02+ cation., - The other bonds
Qere assigned on the basis of a WOFS' anion: 1037 cm ! ( W=0
stretch),_696 cm! (W-F stretch) and 326 and 316 em ! (F-W-F
bends). Infrared data reportedgs_for NO+WOF5'Vinc1ude a W=0

1 and W-F stretching frequencies

stretching frequency of 1005 cm™
at 625 andv450 cm—]. Upon‘prolonged storage the brown vapor of
N02 gasvover the sample‘stored in sealed pyrex tubes indicated a
slow decomposition. The powder diffraction pattern is listed fn

Table XIV.

+
D. 5§f5’i_gfs i_gF4 A§F6 . | |
An equimolar mixture of PF5 and AsF5 in a monel can at a .
total pressure of . 1000 torr showed no lowering of vapor pressure.
This indicates that PF5 is a poorer fluoride donor than the

~ isoelectronic molecules SF4 and C]F3.
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VI. APPENDICIES.

A. Computer Programs and Some Pertinent Equations Relating to

The Crystallographic Work.

‘The computer programs used in the course of the crystallo-

graphié work are listed and briefly described. .

LESQ:

FORDAP:

ORTEP:

WILSON:

_An unpublished least-squares refinement program by

A. Zalkin, Lawrence Berke]ey Laboratories, Berkeley,

- California.

A Fourier plot program by A. Za]kin;'Lawrence Berkeley

~ Laboratories, Berkeley, California.

The Oak Ridge Thermal E]]ipsoid Plot Program by C. K..
Johnson, Oak Rodge National Laboratdry, Oak Ridge, |
Tennessee. |

A Wilson plot and E calculating program of H. S. and

M. L. Maddox revised by B. G. DeBoer and A. Zalkin for

* local (LBL) use.

MULTAN:

A program for the automatic solution 6f_crysta1 structures

- by Peter Main and Michael M. Woolfson, Department of

Physics, University of York, York; England and Gabriel

Germaine, University of Louvain, Lbuven, Belgium,

Some features common to the data handling and structure refine-

ments for all of the structure determinations follow:

The data were corrected for Lorentz and polarization effects.

"The net intensity was calculated from

I=0C- (B +By)(T/2T,)

in which C is the total recorded counts in scan time T, and By
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82 are background counts for time Tb each. The standard devia-

tion of.I is
o(1) = [C + (T /2T )%(By + B,) + (q1)?11/2

~in which q is an arbitrary factor usually on the order of 5% used
to prevent the relative error for large counts becoming unrealisti-
cally small. The standard deviation of N equivalent reflections

averagéd together was:

N 2 1/2
I [o;(D)]
_ i=1

o
AVE N

unles o, is less than the scatter of the N reflections in which

case the formula applied was

N |
oDy = .Z1A12 Y2 n-1) (
i=

in which A; is the difference between the average of N reflections

and reflection 1.

" The standard deviation of the structure factor by the method

of finite djfferences was taken as
ofF) = F, - [F2 - s o(n)/Lp)/2

in which s is the scaling factor in the equatioh

" For cases in which I <o(I),

o(F) = [s o(1)/Lp]"/2
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in which L and p are the Lorentz and po]arizatiqn corrections.

'The least-squares program (LESQ) used in the refinements minimizes
the function R22:

2 2

Ry

- Zw(AF)z/ZwFo

in which‘Fo and Fc are observed and calculated sfructure factors

and AF is their difference. The weighting facték w is 1/[0(F)]2
| except'that in some cases it may be set to zero for reflections

that are less thanrthree, two, or one o. Scatterﬁng factors fof

neutral atoms were used96. The anisotropic temperature factor has

the form )

, 2 2 2
The Bij values reported are related tb the B's in the preceeding
equation:

. *a %
B’ij 4.,B’ij/a’i aj

in which a;* is the igh reciprocal cell length.
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TABLE II 7
- Sulfur and Arsenic Positional Parameters

For [SF41"[AsF 1™ (CmC2,) - No. 36)

Aton  Number x y oz
Asl e 0 L.0177(7) .0002(3)
As2 - 8 .1632(2) .4922(7)  .4909*
ST 40 .2091(20) .3138(15)
Y. 8 .3346(3) .4031(10) .1773(8)

*
fixed value,
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Final Positional and Thermal Parameterfsvof_ll.-4+SbF

Atom X
Sb - 1/4
I 1/4
Fy 1/4
s 174
Fs .0791(41)
Fy .0263(36)
Fe .2545(29)
Fg o .2434(53)
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TABLE IV

Yy

1/4

1/4

174

1/4
-.0208(38)
.0692(38)

.0016(28)
-.0453(1)

Z- N

.3294(2)

.8611(2)

1474(17)
.4988(22)
;3303(18)
.3313(17)
.9054(16)
‘8414(20)

6

B

-1.30(4)

1.76(5)
3.99(37)

3.68(38)

2.18(35)
1.79(32)
1.86(25)
3.55(49)

Equiv. Positions: x,y,z; 1/2-x,1/2-y,z; 1/2-y,x;z;

Ys1/2-X,25 =X,-y,~2; 1/2+x,1/2+y,-2; 1/2+y,-X,-2; -y,

1/2+x ,-2.
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TABLE VII

INTERATOMIC DISTANCES (A) AND ANGLES

6
. M .
(A11 F-F contacts > 2.5A)

FOR XeF'Ruf

Ru-F,  1.919(13) Fp-Ru-F,  85.
Ru-F,  1.778(16) . FRu-Fg 89
Ru-F,  1.781(12) Fo-Ru-F 91
Ru-Fg  1.789(13) F,-Ru-F; 89,
Ru-F¢ 1.820(14) ' Fy-Ru-F, 94
Ru-F;  1.835(13) Fy-Ru-Fg 90,
| Fy-Ru-F 88,

Xe-Fy  1.872(17) Fy-Ru-F, 91
Xe-F,  2.182(15) Fy-Ru-Fg 91
Xe-Fs  3.163(13) Fg-Ru-F,  90.
Xe-Fg  3.171(15) Fg-Ru-Fg 89,
Xe-F,  3.172(13) Fg-Ru-F, 88
Xe-F,  3.256(12) |

Xe-F,  3.483(29) Fy-Xe-F, 177.
Xe-Fs  3.506(20)

Xe-F,  3.625(21) Xe-F,-Ru 137,

(DEG.)

65(76)
36(98)

.30(1

21(98)
27(121)
73(93)
22(109)
28(113)

.25(104)

77(82)
08(123)

‘93(86)

08(123)

19(46)

@ Estimated Standard deviations in parentheses.
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Interatomic Distances (A) and Angles (Deg) IF4+SbF6
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5

TABLE VIII

Atom 1  Atom 2 Distance
Sb F1 1.856(.018)
b F2 1.801(.023)
Sb . F3 1.878(.023)
Sb F4 1.923(.022)
I F5 1.811(.017)
I Fé 1.792(.025)
I Fa4 2.674(.021)
I F3 2.709(.022)
I F1 3.603(.018)
I F2 3.072(.023)

Angles .

F5-1-F5

163.27(?)

F6-1-F6  107.04(?)

F1-Sb-F3

F1-Sb-F4

F2-Sb-F3
F2-Sb-F4

90.18(.56)
90.42(.52)

' 89.82(.56)

89.58(.52)

Sb-F3-1  143.66(.99)

Sb-F4-1  143.05(.92)
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TABLE IX

[

Interatomic Distances(a)(A) and Angles (Deg) [SF3}+[BF4]'

S-2F1
2-F2
S...Fe

S...2F5

5...B
S...F4
S...2F4
B-F3
e
B-2F5
F2...2F1
F1...F]
F3...F4

2
2.
2

.495(2),[1.518]
.499(2),[1.514]
.593(3)
.624(2)
.438(4)
J11(3)
.265(2)
.397(4),[1.410]
.393(5),[1{438]
.377(3),[1.404]
.249(3)

250(4)

.252(4)

F3...2F5

F4...2F5

F5...F5
B...2F1
F1-S-F1
F1-S-F2
F3-B-F4
F3-B-F5
F4-B-F5
F5-B-F5
S...F3-B

S...F5-B

‘2‘

2.
2.
3.
- 97.

97.

107,

110.
108.
m
115.
119,

277(3)
249(3)
275(4)
456(4)
62(7)

39(12)
63(25)
29(16)
58(17)

.37(14)

66(17)
69(17)

(a) Values in square brackets are thermally corrected

distances based on in phase motion of the atoms.



TABLE X
A Comparison of SF3+ and Some Other MF3 Species

+ 'PF3 (67)

SF3 | _3

. 2 at 1.495(2) ,
M-F(A) 3 at 1.5700 + 0.0012

1 at 1.499(2)

, 2 at 97.39(12) '
F-M-F(°) 3 at 97.8 + 0.2
1 at 97.62(07)

+ (59a) (60)
SeF3 , . AsF3

D ]

1.67(2)

M-F(A) " 1.64(2) . 3 at 1.7063 + 0.0006
1.66(2)

94.9(1.7)

F-M-F(°) 93.9(1.7) 3 at 96.1 + 0.05

94.6(1.7)
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TABLE XI

Calculated AH for Some F~ Donor-Acceptor Comp]exés

dis
(A (V) indicates a known compound and a (#) indicates
“an unknown compound)

AH

A

H

Comgound' “diss {743 Coméouhd d1ss v/ #
BrF,'PFs +24 # SF3+$bF6‘ -55 v
BrF,'BF,” 18 # CIF,"SbF -51 v
I, 'BF, 15 # CTF, 'SbF,~ -49 v
BMF , 'AsF s~ 13 # BrF, SbFs~ -45 v
IF,'BF,” 9 # XeF'SbF -44 v
IF *AsF 4 # IR TSbFg” 44 v
BrF, PR 0 # XeF ¢ 'SbF " -41 4
XerfPFe- -1 # XeFy'SbF,™  -36 4
XeF3"BF;” - 6 # SFy*AsF -31 d
XeF 3"PFg - 6 o CIF, AsF -27 d
BrF,'BF " -8 # SF*BF," 26 /
IFg PFg” 9 # c1F4+AsF6' -25 d
XeF'BF,” -9 # CIF,oF, 2 /.
XeFg B, - # C1F2 PRy -22 ¢
BrF, AsFg - A _IF4 SbF -20 v
Brg 'SP <11 RIS *Ask g -20 v
IFg BF,” -12 4 A -20 v
XeF3+AsF6_ -12 # ’C1F4+BF4' 20 P
XeF'BF,” -14 d I AsF,~ -20 v
CIF,"PFg- -14 # XeF5*A§F6' -17 v



IrFG(torr)

105
110
40
55
320
240

TABLE XII

Tensimetry of IrF6 + N02F -

NOZF(torr) Residual Gas [F2]
110 45
105 45
70 50
55 20
320 140
260 ‘140
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TABLE XIII
Powder Data N02+IrF6°
o o |
d(A) /I, hkse dA) I/, hkg
541 50 001 1531 1 421
.983 70 110 1.499 6 241
253 emm oo 1.483 2 223
693 100 11 1.467 5 042
576 50 200 1.425 4 313
456 50 020 1.424 4 332
.003 30 201 1.413 4 510,133
930 30 021 . 1.380 4 422,004
773 60 002 1.359 3 150,242
486 60 220 1.335 5 114
419 50 112 1.319 5 151
262 40 221,310 1.288 - 4 403,204
195 40 202,130 1.235 4 333
160 60 022 1.215 6 530
002 70 21 1.206 3 423
039 10 121 1.199 3 600
1.852 90 222 1.190 3 243
1.6 70 400 1.8 3 314
1752 70 N3 1.170 3 135
1731 70 113 1.136 3 442
1.725 50 040 1.116 3 513
1.648 50 041,203 1.097 4 404
1.630 70 023 1.082 1 044
1.592 70 420,311 1.064 3 334

1.558 10 240
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TABLE XIV
X-Ray Powder Data for N02+NOF5',
ggzl_ Intensity d(R) Intensity |
5,78 5" 2.75 W
5.06  w 2.63 W
- 4.56- S 2.42 W
4.1 s 2.38 W
' 3.77 s 2.29 2
3.90 m 2.26 W
3.67 m - 219 2
3.61 v 2.23 W
3.52 n - 2.13 W
3.46 m 2.06 W
3.13 Coms 2.00 m
2.93 W 1.97 W o
2.81 W | 1.94
1.90 W
1.87 W
1.77 W
*

. . s = strong, m = medium, w = weak, v = very.
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‘Packing Diagram of SF3+BF4

The XeF+RuF6' Structural UnitA(Distan;es in Xngstroms
and Standard Deviations.in Parentheses).

Stereoscopic View to Show Packing of the XeF RuF6
Units in the Crystal Lattice. |

The XeF5+ and RuF .~ Structural Units and the
Coordination of Xe?5+ (Distances‘iﬁ;Kngstroms and

Standard Deviations in Parentheses).

: The Molecular Structure of XeF5+[A$F6]'.

Molecular Geometries of XeF.', IFg, TeF. .
.

Molecular Geometries of CIF +, SF2 R 0102.
Mo]ecu]ar Geometries of Brf +,'SeF4.
Molecular Geometries of IF,", TeF,, SbF, .

The SF3 Cation.

Plot of Bond Length -vs- the Logarithm of the |
Stretching Force Constant for SomevS-F Bonds.'

Comparison of Raman Spectra of SF3+BF4'.
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FIGURE 6
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Bond Lengths: SO,F
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References for Figure 10

2 2’

106; SOF

2’

107; SF

6 108; FSSF, 109;

NSF, 110; SOF4, 1173 NSF,, 112 SF,, 68.

Force Constants:

Reference 113; SOF

SOZFZ’

SOFz, SF6’

4’

FSSF, NSF, as compiled in
114; NSF3; 115; SF4, 1]6.

-y

7
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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